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Li et

V20, = SH b

=T

Poisson equation for Gravity

(Or+v V)6 = —=(1+8)V v Example:

(0 +v-V)v = —Hv -V, Equations for
Fluid without pressure

+ Stochastic Initial conditions

Page 2/38




Pirsa: 15070032

Some open questions

| will discuss a few open questions in cosmology.

| want to stress the difference between questions for
which very precise measurements and theory are
required to make progress from other examples
where even crude new measurements would lead to
substantial progress.
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Dark Energy:The BAO Scale
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Why is the Universe so old/big? Attractor solution.
Seeds for structure formation are quantum fluctuations of the clock.
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What we have learned from the CMB:

0. No curvature (1/2 percent level)

1. The seeds are primordial

2. Amplitude: InA; = -19.932+ 0.034

3. Slope: | — ng = 0.0355 £ 0.0049
4. No gravitational waves (10 percent level)

5. No fluctuation in composition (percent level)

6. No departures from Gaussianity =~ Non — Gaussian ooy o

(Gaussian

Anything that the CMB is sensitive to requires a lot of
precision to improve
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The end of the dark ages
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Matter radiation equality
BAQ scale

Neutrino free streaming
Non-linear scale
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Matter radiation equality
BAO scale

Neutrino free streaming
Non-linear scale
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Scales in our Universe

Linear theory and scales in our Universe

Matter radiation equality
BAO scale

Neutrino free streaming
Non-linear scale
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Scales in our Universe

Linear theory and scales in our Universe

Matter radiation equality
BAO scale

Neutrino free streaming
Non-linear scale
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Standard set up

2 7. - " " "
Vo, ~ “Ehm0 Poisson equation for Gravity

(0, +v-V)d = —(1+6)V - v Eulerian
(0 +v- V) Ny - Vo, . Equations for

Fluid
+ Stochastic Initial conditions
g q -+ slq
rj".‘ rf.‘ .
}_: +H j Vo, ,q+s.7) I—agraf:'lg|an
;) r ‘ Equations a
| +d(x.7) / ,f-iq .\'““.r q S q.7)) set Of particles
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Standard set up

: L T
Ve, 5 H 20 Poisson equation for Gravity
(6, +v-V)d = —(1+8)V v Eulerian

0y +v-V)v = —Hv - VO, . Equations for

Fluid
+ Stochastic Initial conditions
cliq q -+ slq
rf"'.‘ rf.‘ .
}_: +H j Vo, ,qg+s.7) Lagraf:'lgian
;) r ~ Equations a
| +d(x.7) / .f-i,/ .\'““,r q-—-8(q, 7)) set Of PartiCIES
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After the racliation era

VA, = 2 H 06

Motions of particles

o(q,7) = q-+alqT)
s il
—_— = = =V (q-kaT
‘hal T b(q+a71)

1+ 6, 7)

- j.."q 82w —q—a(gq7))= dot™ (8 -+ Oin ) lemgse

Linear equation

¢ = Veam=§
. 3.3
v+ HYy = =H Qe
viq,7) = D(r)vo(q)
1n EdS we have
H x a~!
§d x a
&, o constant

Wmﬂ_mmmmmmmmmmmmwm
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After the radiation era:

Ve, fin-‘sz,m
Motions of particles:
riq.7) q -+ siq.7)
d*s s
o3 i H‘]:_ Vo, g+ 8.7
| +o(x. 7) /rf"q 6P (x —q—8(q.7)) = det ™' (8;; + O;5,) |2 g+
Linear equation:
( V.8 A
0+ H ff;{-‘sz.,‘,-
U (q.7) ;hruu.-‘ql
In EdS we have:
H* x a!
d X

¢, o constant

During the radiation era perturbations in the density do not grow and as a result the
potential decays in time.
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Moclas that enterecl the
horizon in the mattar ara

(6(k1)8(ka)) = (27)6 (e -+ ka) P ()

I P(k)

2l

Ak) =

e j'”‘ P(J;):fdlnk..\ll')

(2m)*

— g el
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BAO Wiggles
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'l'l’/l:’lﬁ' Wiggles Matter radiation equality and
e recombination are very close in redshift
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Transition Non-linear regime

Perturbative regime
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Perturbative regime Transition Non-linear regime
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ical Control

Given that many of the questions that remain open require
precise theoretical control | will comment on various exact

results.
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Theoretical Control

Given that many of the questions that remain open require
precise theoretical control | will comment on various exact
results.
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Exact results: Scale dependence of the bias

- - 2
0g ~ bo,, + - x V< + .-

by Cannot be generated

A. Slosar, C. Hirata, U, Seljuk. S. Ho, and N. Padmanabhan (2008) B. Leistedt, H. V. Peiris, and N, Roth

20041 SDSS Qua
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Craminelli, Simonovic, Hui,

Vernizzi, Gleyes, Norena,

Non-rolativistic version

) g (
$m 8D () -+ 60 ()Y’ = — D(na) ka - 5lo) @) () 3y
(Sm 8 (m) -8 (m)) P(rm.hf’, D) O (m)=<<8g (m))
Term proportional lo
displacerment, nol density.

Long mode
produces a uniform
acceleration

Aw = §,(t) sin(q - @) q/q°

t1

Thaera are terms In N-point functions that are Univarsal, only depend on the equivalence principle.

Thoy vanigh for equal time correlators, the observationally relevant case
They can be used 1o lest viclations 10 tha equivalence principle, “modifications of gravity”
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Creminelli, Simonovic, Hui,

Exact results: N-point functions ettlzz. (Gléwes, NoTana,

Non-relativistic version

o (a) D(na) ka* G, .
/ ] ji.l:‘ oo s “‘_r,l'“ H’.’ ~ )/ (4] 1 ;"5‘_‘”" T “"“- ,r
Og(m)oz" (1) -+ -0 (1), P(q,n) g D) U (m)-+-0:"(mm))" -

Term proportional to
displacement, not density.

Long mode
produces a uniform
acceleration

t2

Az = §4(t)sin(q - x) q/q°

t1

There are terms in N-point functions that are Universal, only depend on the equivalence principle.
They vanish for equal time correlators, the observationally relevant case
They can be used to test violations to the equivalence principle, “modifications of gravity".
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Creminelli, Simonovic, Hui,

Exact results: N-point functions veRilzzi Gleges, Norers,

Non-relativistic version

el {ah Dna) ke @, (o) (a)
(SAmM&T (m) -8 (n,. )Y ~ (a. E LBl (69 ( veo 3 (0 VY .
( ""”]rL. (m) 0 (1)) P(q.n) D(n) e “M 71) 0z (M),

Term proportional to
displacement, not density.

Long mode
produces a uniform
acceleration

x t2
Az = §4(t)sin(q - x) q/q°

t1

lhere are terms in N-point functions that are Universal, only depend on the equivalence principle
They vanish for equal time correlators, the observationally relevant case
They can be used to test violations to the equivalence principle, “modifications of gravity".
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Exact results: N-point functions

There are Universal pieces in N-point functions of LSS correlators determined solely by
symmetries. Universal in the sense thal the relations apply to arbitrary tracers.

They are based only on the equivalence principle and the absence of primordial non-
Gaussianities

) ‘ _ -k
_:\l_q.ﬂ'm,,!ﬂ' )0l ki .ty)) ~ g

Only seems relevant if consider different times
Pin(0:8) [ p (k_, 1) — 22
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Pictorial representation

1202.0090 Padmanabhan et al.
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Pictorial representation
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There are Universal pieces in N-point functions of LSS correlators determinad solely by
symmelries. Universal in the sense that the relations apply lo arbilrary tracers

They are based only on the equivalence principle and the absence of primordial non-
Gaussianities

These same plecas are responsibla for the spread of tha BAQ peak
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Exact results in EdS with power law speclra

[z, ) vl 1) 62, 7)] ———————e [§(As, A7) Ve /A0 (Ae, Ae), (A /A oA, ArT)]

# With this choice initial conditions are the same

Ak, )= .'}’(L‘rl = A"{l.,i'.\:h Ar) or equivalently ..\.‘.(k. ) = _‘."[L‘;"f.‘\;}

3 V"‘i’ f\

[ a iRy s

Vi, = :‘Hlﬂ,.,ﬁ s -] = ds - _:_:i'_:_'(;’q-

s e dinD? 2 dinD 2L

o ligem S SXALCR L dlnD
dlna
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Exact results in EdS with power law specira

(BT (2, 7), 8, 7)] e (6N, A7), Ar/Aur (Aa2, A7), (A /e (A A

4
A =+1  With this cheice initial conditions are the same

= Ar

Al(k,7) = A%(k,7) = A(k/AF, A7) or equivalently A*(k,7) = A%(k/knz)

2 0

Vi
P ds
—— o taE VimD

s da
=t Hee = -V, (q-+aT) 1

Vid, = SHMLG

Cosmology only come in through the growth factor f - Pm/f* &1
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Standard set up

n b PP . ‘
Vb, = s H o Poisson equation for Gravity

(8 +v-V)§ = =(1+8)V v Eulerian
; Equations for

(@ +v-V)v = —Hv -V, Fluid

+ Stochastic Initial conditions

o(q,7) = q-+algr)
d's s Lagrangian

T Equations a
1+ [z, 7) = j.f’., 6w =g —alq.7)) set of particles

m Vb (q-+arT)
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